Abstract. Alkylamines are widely used as ion-pairing agents during LC-MS of oligonucleotides. In addition to a better chromatographic separation, they also assist with the desorption of oligonucleotide ions into the gas phase, cause charge state reduction, and decrease cation adduction. However, the choice of such ion-pairing agents has considerable influence on the MS signal intensity of oligonucleotides as they can also cause significant ion suppression. Interestingly, optimal ion-pairing agents should be selected on a case by case basis as their choice is strongly influenced by the sequence of the oligonucleotide under investigation. Despite imposing major practical difficulties to analytical method development, such a highly variable system that responds very strongly to the nuances of the electrospray composition provides an excellent opportunity for a fundamental study of the electrospray ionization process. Our investigations using this system quantitatively revealed the major factors that influenced the ESI ionization efficiency of oligonucleotides. Parameters such as boiling point, proton affinity, partition coefficient, water solubility, and Henry's law constants for the ion-pairing reagents and the hydrophobic thymine content of the oligonucleotides were found to be the most significant contributors. Identification of these parameters also allowed for the development of a statistical predictive algorithm that can assist with the choice of an optimum IP agent for each particular oligonucleotide sequence. We believe that research in the field of oligonucleotide bioanalysis will significantly benefit from this algorithm (included in Supplementary Material) as it advocates for the use of lesser-known but more suitable ion-pair alternatives to TEA for many oligonucleotide sequences.
Introduction

M
ass spectrometry is one of the most widely used analytical techniques for biomedical applications [1] . This has only become possible as electrospray ionization (ESI) [2] and matrix-assisted laser desorption/ionization (MALDI) [3] provided the necessary means for generating gaseous ions from biological macromolecules [4] [5] [6] . Electrospray ionization is particularly well suited for biochemical analysis because of its ease of coupling liquid chromatography with mass spectrometry, as well as its ability to preserve specific solution phase interactions between molecules into the gas phase [7] [8] [9] [10] [11] . Nevertheless, despite the widespread expansion of applications involving ESI-MS, there is still significant debate on the mechanisms by which gaseous ions are formed through electrospray ionization [12, 13] .
According to the charged residue model (CRM) [14, 15] , as the droplet size decreases by evaporation of solvent, it will reach the Rayleigh limit and break up into a number of smaller droplets. These second-generation droplets would continue to subdivide into still smaller droplets. A succession of such Coulombic fissions would eventually lead to the formation of ultimate droplets so small that each of them would only contain one analyte molecule. Conversely, the ion evaporation model (IEM) argues that before a charged droplet becomes small enough to contain only one solute molecule, the charge density on its surface would become so high that the resulting electric field pushes one or more of those surface ions into the gas phase [16] . The general agreement used to be that small molecules are primarily ionized via IEM, whereas the formation of large macromolecular ions is better explained by CRM [17] . However, early nanospray experiments revealed that shorter chain-like proteins (such as insulin) can leave the ESI droplet when it is still quite large and contains more than one molecule of the analyte [18] . The more recently proposed chain ejection model (CEM) applies to such conditions. Based on this model, unlike globular natively folded proteins, unfolded proteins and disordered polymer chains immediately migrate to the surface when placed in a Rayleigh-charged nanodroplet in order to minimize contact between their exposed hydrophobic moieties and the aqueous microenvironment within the droplet interior. One chain terminus then gets expelled into the vapor phase, followed by stepwise sequential ejection of the remaining protein and separation from the droplet [19, 20] . Despite its success in explaining the ionization of unfolded protein chains, the CEM is unlikely to apply to nucleic acid chains because their hydrophobic and hydrophilic moieties are homogenously distributed along the chain [21] .
An attempt for generating a predictive model for the MS signal intensity of small ions based on the IEM has been successful. Under this model [22, 23] , solvation energy and surface activity of the ions are the major determinants of their MS response. In contrast, the main focus of the theoretical models of CRM has been to predict the charge state of ionized proteins. Based on these models, the maximum charge of a protein in the gas phase does not depend on the analyte charge in solution. It is rather governed by the Rayleigh charge limit of the ultimate electrospray droplet that contains only one protein molecule. This value is only dependent on the size of a protein, which can either be represented via the protein radius [24] or its surface area [25] . However, no general theoretical framework for the prediction of ion intensity of large analytes that are produced by the CRM can be found.
The equilibrium partitioning model of Cech and Enke [26] takes a distinct approach for predicting ESI ion intensities that could be applicable to both IEM and CRM. The basic postulation of this model is that because the excess charge resides on the surface of ESI droplets, only the analytes that can migrate to the surface will be charged and eventually detected by a mass spectrometer [27] . Therefore, the variability in the MS response of various compounds can be explained by their surface activity. Several parameters, including nonpolar surface area, Gibbs free energy of transfer from nonpolar to polar solutions, and reversed phase HPLC retention factors have been used as surrogates of surface activity in this model with varying degrees of success [28] .
There have also been empirical studies of the fact.ors that influence ESI signal intensity of small organic compounds. Some parameters identified in various studies were: the degree of conjugation [29] , charge delocalization [30] , partition coefficient [31] [32] [33] , gas-phase basicity [34] , hydrogen to carbon (H/C) ratio [35] and molecular volume [32] . Nevertheless, in the particular case of oligonucleotides, very few investigations have been performed. It has been reported that solution pH [36] , organic solvent percentage [37] , and analyte hydrophobicity [38] can affect the signal intensity of oligonucleotides from pure solutions. But since LC-MS of oligonucleotides is almost always performed in the presence of alkylamine ionpairing (IP) agents, the following studies that have included the use of IP agents are more relevant.
Gaus et al. [39] compared the signal intensity for phosphorothioates when using seven different alkylamines as IP agents and observed the highest ion intensity with tripropylamine (TPA). Erb and Oberacher [40] compared triethylamine (TEA) with dimethylcyclohexylamine (DMCHA) and concluded that TEA generates a stronger signal for a 27-mer DNA. Sharma et al. [41] used six different alkylamines (including DMCHA, TPA, and TEA) with a 17-mer DNA strand and observed the best MS sensitivity with dimethylbutylamine (DMBA). In an attempt to explain the effect of IP agents on oligonucleotide ion intensity, Chen et al. [42] carefully examined the signal intensity of a 24-mer DNA oligonucleotide in the presence of seven different IP agents and found a very strong relationship between the Henry's law constant of the alkylamines and MS signal intensity of the oligonucleotide. The IP agents with a lower Henry's law constant generated stronger MS signals for the oligonucleotide [42] . Nevertheless, it was later demonstrated that the effect of IP agents on the signal intensity of oligonucleotides is very much sequence-dependent and cannot be solely explained by the Henry's law constant [43, 44] .
In this manuscript, we present a comprehensive study of the IP and oligonucleotide-related parameters that influence the ESI-MS signal intensity using 11 different DNA sequences and 15 different IP agents. Statistical analysis of this set of data reveals important details about the factors that impact ESI efficiency. It will be further discussed in the following sections that identification of these factors provides the necessary means for a more detailed mechanistic understanding of the ESI process. This understanding is particularly important for oligonucleotides -as well as many other macromoleculesbecause several explanations have been put forward regarding their interactions in the electrospray droplet [26, 37, 38, 42] and each explanation is successful for interpreting some experimental results, indicating that all of them are partially accurate. Therefore, a more quantitative account of such interactions is necessary for generating an integrative model of the oligonucleotide ESI process. Furthermore, as demonstrated in the Results section, distinguishing the major parameters that affect the ESI signal intensity of oligonucleotides allows for the generation of an empirical formula for the prediction of oligonucleotide signal intensity in various mobile phase compositions. The proposed formula has extensive applications for LC-MS method development. 
Materials and Methods
Chemicals and Reagents
Preparation of Working Solutions for Direct Infusion Experiments
Precalculated volumes of various IP agents were added to aliquots of 20 μg/mL solutions of oligonucleotides in 50:50 methanol/water prepared fresh each day during the course of this investigation to the final concentration of 15 mM for all IP agents, except DBU. The final concentration of DBU was 2.5 mM. Importantly, all samples were prepared and analyzed in DNA Lobind tubes in order to eliminate any sample to sample variation due to differential non-specific losses to the tube walls. The pH of all of these oligonucleotide/ion-pair solutions fell in the very narrow range of 8.5 to 9.5 without adding any buffers.
Instrumental Conditions
Samples were directly infused to a Waters (Milford, MA, USA) Synapt G2 HDMS quadrupole time-of-flight hybrid mass spectrometer in the negative ion electrospray ionization mode via the instrument's built-in fluidics system. The TOF-MS tuning parameters were as follows: capillary voltage −2.0 kV, cone voltage 25 V, extraction cone voltage 2 V, source temperature 125°C, desolvation temperature 450°C, cone gas 0 L/h, and desolvation gas (nitrogen) 1000 L/h. The infusion flow rate was set to 50 μL/min and the data were collected in continuum full-scan MS mode with a 1 s scan time over the mass range from 500-3000 m/z. All measurements were performed in triplicate and base peak signal intensities were measured by combining 50 scans.
Calculation of the Normalized Signal Intensity of the Oligonucleotide/Ion-Pair Solutions
It is a well-known phenomenon that absolute ESI-MS signal intensities are arbitrary and quite variable from experiment to experiment. Therefore, the establishment of a reliable electrospray ionization efficiency indicator that can be used to allow for comparisons among results obtained over several days of these experiments was an absolute necessity. It could be argued that the summation of all charge states detected for an oligonucleotide is necessary in order to represent its ionization efficiency. Nevertheless, since the charge state distribution of an oligonucleotide does not change dramatically with the use of different alkylamines, the ion count of the most intense charge state (the base peak) changes proportionally to the total current of all charge states. Therefore, for the sake of simplicity, we selected to use the MS signal intensity of the base analyte peak instead of the total ion current for calculating the ionization efficiency of oligonucleotides as described below. An inspection of the Supplementary Figure S1 clearly indicates that calculations based on these two parameters (base peak intensity versus sum of all charge states) do not generate any significant differences in the final results.
To deal with the highly varying base peak ESI-MS signal intensities for the same solution from day to day, we decided to use the oligonucleotide solutions in TMEDA as the reference. Therefore, the ionization efficiency of oligonucleotides in different solutions was reported as their normalized signal intensity, which was calculated as the ratio of their base peak intensity in any particular solution to the MS signal intensity of the base peak for the same oligonucleotide in the TMEDA solution: The logic behind this method and other merits of this approach are further discussed in the Results section.
Databases and Computer Software
The MS operation and data acquisition were performed using Waters (Milford, MA, USA) MassLynx 4.1. Statistical analyses and graphs were created using GraphPad Software (La Jolla, CA, USA) Prism 6 and SAS JMP Pro 12 (Cary, NC, USA). Henry's law constants were computed using HENRYWIN module of the US Environmental Protection Agency's EPI suite ver. 4.11 (Washington, DC, USA). Proton affinity and gas-phase basicity values were obtained from the NIST database (http://webbook.nist.gov/chemistry/). The remaining physicochemical parameters were obtained from the CAS REGISTRY of the American Chemical Society (https://scifinder.cas.org/).
Prediction Formula
The signal intensity prediction formula is as follows. We have also supplemented a Microsoft Excel sheet containing this formula with the online version of this manuscript for the convenience of our readers. Please note that Content A, T, C, and G need to be entered as decimals.
Predicted Normalized Signal Intensity ¼ −0:00656MW -5:43532Density þ 0:02322Boiling Point þ 1:61079 pKa-0:12832Proton Affinity-0:14625Gas Phase Basicity þ 0:23521Partition Coefficient þ 0:00005Water Solubility-0:00012Vapor Pressure þ 0:00340Henry's Law Constant þ 4:75149Content A þ 7:00368Content T þ 4:39043Content C þ 0:55245Content G þ 47:72180:
Results and Discussion
In order to determine the extent to which different parameters influence the ESI ion intensity of oligonucleotides, we chose 11 DNA sequences of varying compositions and tested each one alongside 15 different ionpairing agents with distinct physicochemical properties. Tables 1 and 2 list the oligonucleotide sequences and IP agents utilized for this study, respectively. Because previous studies in our laboratory [42, 44] had demonstrated that alkylamine IP agents produce the highest oligonucleotide MS signal intensity when used at concentrations around 15 mM, we used all alkylamine IP agents at this concentration. The only exception was DBU, which was used at 2.5 mM in order to maximize its signal intensity as suggested by Sharma et al. [41] and confirmed through our own observations. Furthermore, an oligonucleotide concentration of 20 μg/mL was chosen because we were able to acquire robust mass spectra at this concentration, which made data interpretation easier. We should also mention that the performance of ionpairing reagents was not dependent on the concentration of the oligonucleotides; i.e., the ion-pairing reagent that generated the strongest MS signal intensity at higher oligonucleotide concentrations also had the best performance at lower oligonucleotide concentrations. Therefore, the concentration of the studied oligonucleotides was kept constant throughout this investigation. Figure 1 shows the representative data acquired from our experiment with two different DNA strands. It is clear that in the absence of IP agents, the oligonucleotide MS signal was weaker than when IP agents were being utilized. This observation might initially seem contradictive considering that IP agents are highly surface active and it is generally accepted that surface active additives cause ion suppression [45, 46] . However, the model suggested by Chen et al. [42] can explain this phenomenon perfectly. Based on their model, the interaction between oligonucleotides and highly surface active IP agents helps oligonucleotides to reach the surface of the electrospray droplet. This effect is further amplified due to the alkylamine concentration gradient that exists from the center to the surface of the electrospray droplet because of the continuous ion-pair evaporation from the surface. Nevertheless, this explanation is only true when the ion-pair concentrations are not high enough to hinder oligo access to the surface of the droplet. That is why the concentrations of the ion-pairing reagents need to be chosen very carefully. The concentration of 15 mM (or 2.5 mM for DBU) completely satisfies this need.
Based on their model, Chen et al. also suggested that IP agents with a lower Henry's law constant would evaporate faster and create a more steep concentration gradient from the droplet center to the surface leading to stronger oligonucleotide MS signal intensity [42] . Examining Figure 1 reveals that this scheme can only explain the extreme cases. For example, OA has the smallest Henry's law constant and it is often among the top performing IP agents, whereas TMEDA with a very large Henry's law constant often performs poorly. Nevertheless, although HA has a much larger Henry's law constant than MDBA, it has performed better in both cases. Yet, perhaps the most interesting observation was the different performance patterns of IP agents based on the oligonocleotide sequence. These observations indicated the need for a comprehensive set of experiments to understand the nuances that can influence the ESI ion intensity of oligonucleotides.
It is very well known that the absolute ESI-MS signal intensities are quite variable for an experiment performed at different T  TTTTTTTTTTTTTTTTTTTTTTTT  100% C  CCCCCCCCCCCCCCCCCCCCCCCC  50% G  GTGTGTGTGTGTGTGTGTGTGTGT  75% T  ATTTCTTTGTTTATTTCTTTGTTT  66% T  ATTCTTGTTATTCTTGTTATTCTT  50% T  ATCTGTATCTGTATCTGTATCTGT  33% T  TCGTACTAGTGGTCCTAATCGTAC  25% T  ATCGATCGATCGATCGATCGATCG  13% T  ACGACGACGTTTACGACGACGACG  4% T  CGGAGGAAACCTACGACGAGGAAA times, even at similar experimental conditions. Therefore, a major prerequisite for performing this investigation was the establishment of a reliable ESI-MS intensity indicator that can be used to allow for comparisons among results obtained over several days of these experiments. To this end, we monitored the signal intensity of oligonucleotide solutions in the presence of various alkylamine ion-pairing agents over the course of a few days. Our results indicated that by choosing one of the oligo/IP solutions as a reference and reporting the ratio of MS signal intensity for other mixtures of the same oligonucleotide to the reference solution, a much more dependable measure of the MS signal intensity could be generated with minimal variability between the experiments. This approach was consistent with the efforts of Leito and colleagues in generating an electrospray ionization efficiency scale [47] [48] [49] . Since oligonucleotide solutions usually had the lowest signal intensities in TMEDA solutions, the oligonucleotide/TMEDA solutions were chosen as references and all other intensities were reported as their ratios to these reference solutions: Table 3 shows the absolute and relative intensities of similar oligonucleotide solutions that were prepared and measured on two different days. It is seen that while the difference in absolute intensity from 1 d to another can easily exceed 30%, normalized intensities were not more than 15% different. Note that while only a representative number of measurements is shown here, these trends are consistent across much larger data sets. Having a standardized response (normalized intensity) as well as variables related to the ion pair (physicochemical properties of Table 2 ) were important initial considerations toward modeling the ESI process for oligonucleotides. However, in order to proceed with statistical analysis, we still needed to construct a set of descriptors for the oligonucleotides. Studies have shown that the oligonucleotide hydrophobicity has the strongest correlation with its electrospray ionization efficiency [38, 44] . Furthermore, it has been demonstrated that the hydrophobicity of an oligonucleotide can be calculated solely from the percentages of its nucleobases with very good accuracy [38, 50] . Therefore, we decided to use nucleotide proportions (%A, %T, %C, %G) of each oligonucleotide as the additional variables of our statistical model.
A partitioning (or decision tree-based) method was used for our analysis. Partitioning is a way to describe the relationship between a response and set of factors without a mathematical model [51] . The goal is to divide the data into groups, which differ maximally with respect to MS response. Partitioning is an iterative process, the visualization of which resembles a tree -hence the term Bdecision tree^. The bootstrap forest (or random forest) [52] averages the results of many trees. For each of these trees, only a random sample of the observations is considered; then for each split, only a random subset of the candidate variables is considered. In this way, it is highly probable that all of the variables useful in predicting the response will eventually be chosen as splitting variables. Figure 2 shows the output of the bootstrap forest for our data. Not surprisingly, some familiar liquid-gas parameters such as boiling point and vapor pressure have been revealed to substantially contribute in MS response determination. The Henry's law constant was also shown to have a considerable contribution.
The significant role of partition coefficient and water solubility of IP agents can be easily understood in light of the previously mentioned model of Chen et al. [42] . Based on their model, the surface activity of alkylamine IP agents plays a vital role in the increased ion intensity of oligonucleotides. Water solubility and partition coefficient are both very closely related to surface activity. The effect of gas-phase basicity and proton affinity is most probably brought forward during the dissociation process of oligonucleotides from ion-pairs in the gas phase, and a hypothetical mechanism suggested by Muddiman et al. [37] regarding the role of piperidine and imidazole in charge state reduction of oligonucleotides can help to explain this effect. It is reasonable to assume that alkylamines can hydrogen bond to the phosphate backbone of oligonucleotides. Through this hydrogen bonding, they can displace cations, which results in reduced cation adduction and subsequently increases signal intensity. But for this to happen, the proton that originally resided on the alkylamine in solution should be transferred to the phosphate backbone in the gas phase so that the hydrogen bound ion-pair can be released from the oligo. Therefore, it is expected for the gas-phase proton affinity of the top-performing IP agents to be lower than the oligonucleotide phosphodiester backbone. The proton affinity of the phosphodiester group is estimated at 315 Kcal/mol [53] , whereas all utilized alkylamines have proton affinities in the range of 220-240 Kcal/mol, which is well below the estimated value for the phosphodiester backbone. One important observation in Figure 2 . Contribution of various parameters to the ESI-MS signal intensity of oligonucleotides support of this proposal was the excellent capability of OA in suppressing cation adduction. In comparison, DBA with very closely related structure and physicochemical properties to OA that often resulted in similar effects on MS signal intensity of oligonucleotides was not very effective in reducing cation adduction. Examination of Table 2 reveals that the proton affinity of OA is about 10 Kcal/mol lower than DBA. As expected, the composition of oligonucleotides also plays a major role in determining the ESI response in the form of a very large contribution for %T in the sequence of the oligo. A more significant contribution from thymine compared with other nucleotides was not unexpected. It has been shown that T is the most hydrophobic DNA base (T > A > G > C) [50, 54, 55] , and since hydrophobicity significantly affects signal intensity, it is reasonable for T content to be more important than the other nucleobases. The major significance of hydrophobicity for electrospray ionization efficiency of our analytes is also in complete agreement with the previously mentioned equilibrium partitioning model [26, 27] .
Creating a predictive model with these data is also very desirable from a practical standpoint. Based on these experiments, it is clear that different DNA sequences generate the highest MS signal intensity with different alkylamine IP agents. Therefore, all different combinations of oligo/IP would need to be investigated to find the optimum ion-pair every time prior to the development of a LC-MS method. This would create an additional burden on the analysis and hinder method development. Therefore, a predictive algorithm that can rapidly assist with the selection of optimal IP agents without the need to perform dozens of experiments would be extremely useful. We managed to generate a partial least squares (PLS) regression model capable of predicting intensity values that are very well aligned with our experimental observations (Figure 3) .
To further confirm the prediction power of the resulting PLS model, we used a DNA strand with the sequence 5′-TCG TGC TTT TGT TGT TTT CGC GTT-3′, which had not been examined in the previous experiments. The sequence was run through the algorithm and the expected normalized signal intensities were calculated. Then the experimental values were obtained. As shown in Figure 4 , the prediction of our model fit the observed data, well. The only exception was HA, where prediction and observation showed opposite trends. We believe this is due to a complete lack of adenines in this particular sequence. Figure 5 shows the experimental MS signal intensities for two sequences that are both composed of 50% T. However, the remaining 50% is equally distributed among all other nucleotides for Figure 5a in contrast to Figure 5b , which only has T and G nucleotides in its sequence. While the trend in Figure 5a is more similar to the predictions of Figure 4 , Figure 5b more closely resembles the experimental results. Considering the particularly superb performance of HA with poly-A sequences (not shown), it seems that the presence of adenines is necessary for maximum HA performance. But neither the sequence in Figure 4 nor the sequence in Figure 5b contained any adenines. Therefore, HA was not among the best IP agents for any of them. However, HA performed well with the DNA sequence shown in Figure 5a even though its T content was not very different from the other two. We believe that this is because it contained a greater number of adenines. This very specific synergy between the adenine content and HA is too complicated for our model to accurately extract and therefore it has overestimated HA performance for the sequence in Figure 4 . To further demonstrate this point, we repeated this experiment with a different sequence that contained adenine bases. As expected, the prediction pattern for HA and other IP agents was in line with the observations of this experiment ( Figure 6 ). Therefore, our model seems to predict the HA performance inaccurately for the sequences that are completely void of adenines. Nevertheless, this should not be a problem for most common sequences that contain all four nucleotides. Even for sequences like the one in Figure 3 . A PLS regression model was generated that can accurately predict the normalized MS signal intensity of any DNA sequence in the presence of any ion-pairing reagent Another important observation concerns TEA. It is the most widely used ion-pair for LC-MS analysis of oligonucleotides [56] . However, when comparing the performance of TEA to other IP agents in Figure 1a , Figure 4 , and Figure 5a , the results indicate that using TEA with any of these sequences would cause a substantial decrease in the sensitivity of the resulting LC-MS method. Therefore, it is evident that the use of alternative alkylamine IP agents is necessary for improving the sensitivity of LC-MS methods for oligonucleotides. Of course, other considerations should also be taken into account when using IP agents for oligonucleotide analysis. One such important consideration is the ion suppression caused by these alkylamines when switching from negative to positive ESI. In our experience, all of the IP agents mentioned in this manuscript can cause such an effect. The way we have mitigated this issue is to dedicate separate LC channels to positive and negative ESI buffers. In this way, we have managed to keep the overlap of mobile phases components at a minimum and successfully switch between positive and negative ESI routinely. We would also like to add that from the point of cost and ease of use, there are no dramatic differences among the alkylamines we have used for this study. Therefore, switching from TEA to an alternative ion-pair would not add any undue burden to the bioanalytical methods. In contrast, it provides an easy way for increasing the sensitivity of oligonucleotide quantitation by LC-MS, which represents a potentially quite important outcome. Above all, it is only via increased sensitivity that mass spectrometry can satisfy the many emerging needs of oligonucleotide researchers.
Conclusion
We have performed a comprehensive set of experiments to help us better understand the physicochemical properties of analytes and mobile phase additives that govern electrospray ionization efficiency. Many of the factors identified through this process have been previously suggested to influence the ESI process by different mechanisms outlined in various models. Therefore, our study provides a unifying platform for several proposed mechanisms in addition to a more quantitative perspective regarding the relative contribution of factors suggested by one model when compared to others. This would make it possible to assess the relative importance of each proposed mechanism toward the overall ESI process and combine those events in the right order to give rise to a generalized model with diverse applications.
We have also generated a PLS regression model with very good predictive power that can help with choosing the optimum IP agent based on the oligonucleotide composition for performing LC-MS analysis. This is based on the fact that Figure 4 , both prediction and experiment follow similar patterns regarding HA performance most of these alkylamine IP agents have been utilized previously in a few different investigations and all of them have shown acceptable chromatographic performance. Chen and Bartlett have used DIEA [57] . Gong has utilized DBA, DMBA, HA and TPA [43, 58] . Oberacher and colleagues have used DMCHA [40] . McGinnis et al. have separated several modified and unmodified DNA and RNA strands using DIPA [44] , and Sharma et al. [41] have reported using DBU among other IP agents. In all of mentioned studies, TEA has also been present as a reference point and the chromatographic performance of these alternative IP agents has been similar to or slightly better than TEA. More importantly, in two of these studies [41, 58] , several IP agents have been compared simultaneously, and a close examination of the oligonucleotide retention factors further reveals that the difference in chromatographic performance between various alkylamines is minimal. Furthermore, the concentrations of IP agents in these studies have been in the general range of 10-15 mM, which is in line with our experimental design. The only exceptions were DMBA and DBU, which have been used at the concentrations of 5 and 2.5 mM, respectively.
The study performed by Gong and McCullagh [58] is particularly important in supporting our proposition that the overall performance of oligonucleotide LC-MS methods is primarily governed by the ESI efficiency, and the chromatographic performance of different IP agents is more or less the same. They have used mobile phases containing six different alkylamine IP agents, including DBA, DIEA, DMBA, HA, TEA, and TPA, in order to separate different poly-T sequences (T10, T15, T25, and T40). The obtained resolutions for these oligonucleotides have been largely similar regardless of the choice of ion-pair. Nevertheless, the overall method sensitivity has followed the same pattern as we have shown in Figure 1a with DBA > HA > TPA > DMBA > DIEA > TEA. This data clearly indicates that the alkylamine IP agents that generate the highest MS signal intensity for a particular oligonucleotide are usually the best choice for LC-MS method development as they will most likely have acceptable chromatographic performance. Therefore, we can confidently suggest our PLS predictive algorithm as an efficient tool for ion-pair selection for LC-MS analysis of oligonucleotides although we have not fully studied the chromatographic performance of all IP agents discussed in this manuscript.
